In this article we discuss strategies for selecting oligonucleotides to target isoform-specific "As, drawing on our experience with isotopically labeled oligonucleotides for ISH of Na,K-ATPase mRNA a-and P-subunit &forms. Oligonucleotide probes based on one of these isoforms have a high probability of forming nonspecific hybrids with related isoform "As. The design and selection of isoform-specific ISH and how their nucleotide structure influences hybrid-ization are reviewed, as well as basic principles in identrfying and evaluating candidate probes. Controls such as Tm analysis and GC content are evaluated. For distinguishing among multiple isoforms of gene fslmilies, choose lowest possible homology between isoforms consistent with other factors that influence probe performance. (J Iiiscochem CytoCtem 41:1735-1740, 1993) KEY WORDS: ATPase; In situ hybridization; Rat; Brain.
Introduction
An important technique of molecdar biology, the detection of specific mRNA transcripts in cells and tissucs by in situ hybridization (ISH), is made difficult by the fact that many proteins are members of gene families and are expressed as a variety of isoforms with major overall amino acid sequence homologies. As "molecular histochemists," we are challenged by the problem of discriminating among their equally unique mRNA isoforms that may possess a high degree of nucleotide sequence homology. This raises the frequently encountered question of how to design an oligonucleotide probe that will hybridize to a specific isoform mRNA species but not to related isoform "As that share common base sequences. Oligonucleotides have proven to be especially useful as specific ISH probes for these situations. In this article we discuss strategies for selecting oligonucleotides to target isoform-specific mRNAs, drawing on our experience with isotopically labeled oligonucleotides for ISH of Na,K-ATPase mRNA isoforms as an example. single strands of DNA complementary to designated segments ("targets") of mRNA molecules. In a classic study, Lewis et al. (13) developed basic guidelines for selection and use of oligonucleotides, and Emson (7) recently reviewed the principles of their application for in situ hybridization.
For the ISH novice, synthetic oligonucleotides (6, 7, 12, 13) are distinctly advantageous. First, the use of oligonucleotides does not require expertise with molecular biology techniques, since the probe is not cloned and labeling is carried out essentially in a single step.
Second, oligonucleotide sequences suitable for ISH probes (e.g., "anti-sense" sequences) can be identified from cDNA maps in the literature and then obtained rapidly and inexpensively from conimercial sources or core facilities available in most universities. Third, the cost is low, typically less than $3 per nucleotide (under $100 for a typical 30-mer oligonucleotide), and one batch of a synthetic oligonucleotide is usually sufficient to hybridize a thousand tissue sections. Fourth, most radioactive and nonradioactive molecules used for labeling riboprobes or cDNA ISH probes are suitable for oligonucleotides, and a variety of detection systems have been adapted from the armamentarium of histochemistry. Labeling an oligonucleotide for ISH is commonly done at the 3' end by attaching reporter molecules, using terminal deoxynucleotidyl transferase enzyme (labeling kits are available from commercial sources), but other approaches are feasible, including 5' end labeling and incorporation of the reporter within the oligonucleotide. Common reporters include: (a) radioisotopes such as 3H, 3%, 32P, and 33P (2, 12, 13, 22) ; (b) fluorescent groups (4); (c) biotin (3); (d) digoxigenin (4,25); and (e) alkaline phosphatase (9) (10) (11) . Radiolabeled probes have provided the most consistently reproducible ISH results in our hands, however, and they have the advantage of being more suitable for quantitative ISH by computer densitometry (2) .
Oligonucleotides have other properties that make them excellent probes for novices as well as the choice probes for many labs. These include: (a) they are resistant to RNAses since they are DNA strands; (b) they are stable and can be stored almost indefinitely; (c) they effectively penetrate fixed and unfixed tissue sections; and (d) control probes can be precisely defined, since only short sequences on the mRNA molecule are selected.
Oligonucleotide Probe Selection
The Na,K-ATPases comprise a diverse family of enzymes that are widely expressed in cells and tissues (see 19,20 for reviews). Na,K-ATPases contain a catalytic (a) and a regulatory (B) subunit. Three genes and their respective mRNA isoforms encode three different catalytic subunit isoforms (al, a2, a3). Likewise, there are two isoforms of the @-subunit (PI, P2), which are represented by their respective mRNA isoforms (18) . The uanslated proteins for the three a-subunit isoforms have about 85% amino acid sequence homology and their corresponding mRNAs share about 79% nucleotide sequence homology (18) . Some segments of the isoform molecules have greater than 95% homology, especially in the region of the phosphorylation site. Therefore, since oligonucleotide probes based on one of these isoforms have a high probability of forming nonspecific hybrids with related isoform mRNAs, obtaining isoformspecific ISH requires an understanding of how these probes are made and how their structure influences hybridization, as well as adherence to some basic principles in identkying and evaluating candidate probes.
To prepare oligonucleotide probes for localizing a specific isoform mRNA by ISH, it is first necessary to identrfy regions of the mRNA sequences with relatively low sequence homology among isoforms. It helps to start with a comparison of amino acid and the various nucleotide sequences involved in probe selection (Figure 1) . In preparing the oligonucleotide probes, the mRNA sequence encoding a selected amino acid sequence is copied as a singlestranded cDNA molecule (i.e., the oligonucleotide) using the enzyme reverse transcriptase. Oligonucleotide sequences are always published as cDNAs and can be obtained from original publications or commercial databases. One can then directly compare sequences of the cDNA molecules for different isoforms and identify regions that may be appropriate as isoform-specific targets for oligonucleotide probes. The next step is to compare the cDNA sequences with a sequence comparison computer program. We usually perform a manual analysis of the sequences, as we show for the a2-and a3-isoforms ( Figure 2 ). Initially, we select candidate sequences on the basis of relatively low homology between isoforms and collect the data into a spreadsheet such as Excel (Microsoft; Redmond, WA). The three isoforms coding for the translated a-subunit contain 5' and 3' untranslated regions and a translated region of about 3000 nucleotides that codes for translated Na,K-ATPase catalytic subunits. The a2-isoform has a relatively short 5' untranslated region of about 100 bases and a large untranslated 3' region of over 1800 bases (Figure 3 ). Often the untranslated sequences exhibit little homology between closely related "As and can be useful for specific probes. Selection of optimum oligonucleotide probes for Na,K-ATPase isoforms illustrates some of the considerations for evaluating candidate oligonucleotide sequences. These are described below.
Size and Specificity
Typically, 24-to 45-mer probes have been shown to penetrate tissues well (13) , and are generally favored lengths for ISH. Erget sequence as short as [12] [13] [14] [15] nucleotides should in theory be unique within the mRNA pool if the distribution of nucleotides is random within the genome (6, 13, 24) . However, specificity of ISH appears to be improved when probes against larger targets (24-45 bases) are chosen. In our hands, 30-mer probes give high ISH specificity for isoforms of transport ATPases.
GC Content
The total of G and C nucleotides should be 50-60% of the probe's base content (no higher than about 65%) to be suitable for T, and stringency washes (see 13 and below), since higher GC content requires undesirably higher temperatures. Sequences containing polyG (more than GGG in a row) in the probe (represented by polyC in the cDNA or mRNA) should be avoided, since they favor formation of probe tetramers (17) .
Homology
For distinguhng among multiple isoforms of gene families, choose lowest possible homology between isoforms consistent with other factors that influence probe performance. Target regions showing 25% homology are generally useful, but up to 90% homology may be acceptable in some cases. The decision as to the degree of homology acceptable is often a compromise. Sequences that initially appear to be ideal probe candidates because they have the lowest homology, as identified by sequence comparison, may not be usable because of unfavorable GC content, size, or mRNA abundance. It may be possible to detect specifically by ISH an isoform mRNA I  I  I I  I , I I I I I I  I  I I I I I I I I I   TGGGATCCTCCTGGTGACCTTTCCAGCCTAGGTCCCCCT I I I I I I I I I I I  I I I I I I I I I I I I I I I I I  I l l I I I I using a probe having a relatively high sequence homology with another isoform mRNA if the target mRNA is present in high enough concentration. Although in this situation a high percentage of the hybrids will be between the probe and the unwanted isoform mRNA (i.e., nonspecific hybrids), raising the temperature of the washes will melt (dissociate) most of the nonspecific hybrids and eliminate them from the ISH signal. The remaining hybrids will be specific, and although they might represent a small fraction of the total isoform mRNAs present in the cell, they may still be abundant enough to produce an acceptable ISH signal if the total specific mRNA levels are high, as is the case for many secretory protein "As. 
Sensitivity
A mixture or cocktail of probes having similar length and GC content but targeted to different non-overlapping sequences on the same mRNA molecule increases sensitivity. If the probes have similar Tm values, stringency washes are simplified, since the wash temperatures are not compromised.
Tm Evaluation
An important consideration in designing and selecting a probe for ISH is the Tm value of the candidate sequence. Tm is the temperature at which the probe-target hybhd is 50% dissociated. Tm values for the candidate probe sequences were calculated usjng the equation ( pairs contain only two. Formamide disrupts hydrogen bonds, destabilizing duplexes (lower Tm). Theoretical (calculated) Tm values should be verified by analyzing actual hybridization data obtained from film densitometry (2) or grain counting autoradiography (15, 16) . Hybridization is typically carried out overnight in 0.3 M salt containing about 50% formamide at 25-40°C; the tissue sections are washed (5) at high stringency (lower salt, no formamide) for 1-2 hr. Figure 4 shows the theoretical and observed Tm values for an oligonucleotide probe targeted to sequence 2731-2760 of a2 "A. Note that as the temperature of the wash increased, the duplex dissociated to yield a Tm of about 72°C. with the calculated theoretical Tm value being 74°C ( Table 1) . The Tm curve shown in Figure 4 , curve B (a theoretical computer-generated curve for the hybridizationldissociation using 0.3 M salt and 5Ooh formamide) predicts that inclusion of 50% formamide would decrease the Tm by about 33°C. The Tm data for the candidate isoformspecific probe sequences are shown in Table 1 .
After ISH, tissue sections are washed at a temperature (Twash) about 15°C lower than the calculated Tm value based on 0% formamide. Comparison of the Tm or Twash is often useful in select- 
Evaluation of Na,K-ATPase Isoform Probe Sequences
In this example, perhaps 20-30 specific oligonucleotide candidate sequences of the two isoforms (shown in Figure 2 ) for the Na,K-ATPase a2-and a3-isoforms were initially identified. Several of these candidate sequences were selected for evaluation of homologies and GC content ( Table 1 ). Examination of the a2[5-341 and a2[3001-30301 sequences indicated that both have a high GC content. Furthermore, a2[ 5-34] and a 4 3001-30301 also had relatively high homology to their respective a3 sequences. These sequences were therefore eliminated as candidates for a2-isoform-specific probes. The Tm evaluation revealed that several of the candidate probes (asterisks in Table 1) have Twasb values in the 52-59°C range, making them potentially useful alone or in combination. These sequences were selected for synthesis. We did not further pur+ the newly synthesized probes before ISH. We have found no difference in ISH results when oligonucleotides have been purified by gel electrophoresis. However, if purification is desired, this can be done by either gel electrophoresis, thin-layer chromatography, or high-performance liquid chromatography (7, 13) . We labeled the probes with a-[35S]-dATP and used them for ISH of rat brain slices following our lab's procedures (8, 14, 20, 21) .
Controls
ISH with the a2[2731-2760] probe produced visibly detectable autoradiographic signals from brain slices in 4 days ( Figure 5A ). The a2[2731-2760] probe hybridized to both neurons and astrocytes in hippocampus; a2 mRNA was associated with all major cell groups, with densest signals in layers containing cell bodies of CA1 and CA3 pyramidal neurons in Ammon's horn and granule cells in the dentate gyrus. ISH for a2 mRNA was also high in the piriform cortex, habenula, and laminae 11-111 of cerebral cortex. This pattern of hybridization was also produced by probes a2 and a2[3179-3208] (data not shown) that are targeted to other regions of the a 2 mRNA (see Figures 2 and 3) . Addition of excess unlabeled probe to the hybridization mixture completely eliminated the ISH signal (Figure 5B ). This is an important control for determining the specificity of the ISH signal, since the concentration of a 2 mRNA is very small relative to the numbers of potential nonspecific sites (12.13) . Therefore, competition conditions should abolish the signal if the hybridization is specific for a 2 mRNA. Similarly, treatment of tissue sections with RNAse before hybridization eliminated visible hybridization by destroying the mRNA target (results were identical to Figure 5B) . The hybridization pattern observed for the a2[245-274] probe is instructive. This probe targets a translated portion of the a 2 mRNA. The ISH signal produced by this probe was diffuse, with heavy labeling in some white matter tracts and thalamic regions (Figure 5C ). The signal was not significantly reduced when excess unlabeled probe was present (Figure 5D ). suggesting that the ISH with this probe was nonspecific. Washing at higher temperatures did not diminish the ISH signal. Therefore, these controls indicate that the a2[ 245-2741 probes produced nonspecific autoradiographic images, and that this probe should not be used for ISH o f a 2 "A.
In designing high-specificity probes (23). it is clearly advantageous to target sequences of low homology between isoforms, since base pair mismatching will reduce the hybridization rate as well as the thermal stability of the resulting duplex. Note that probe a2[2731-27601 has a 37% mismatch (63% homology) to the a3isoform of the Na,K-ATPase ( Table 1) (Figure 4) . Therefore, despite the high sequence homology between a 2 and a 3 mRNA isoforms, under these stringency conditions for ISH the a2[2731-27601 probe can be used to identify a 2 mRNA even when a3-isoform mRNA is present. The fact that the distributions of the a 2 and a 3 mRNA isoforms in the brain do not overlap significantly (8) provides an additional, powerful anatomic control for isoform probe specificity.
In independent experiments using Northern blot analysis (labeled probe hybridized to mRNA on nitrocellulose blots), we found that the a2[1398-14271, a2[2731-27601. and a2[3179-32081 probes hybridized primarily to mRNA of 4.9 (8), which is the size of the a 2 mRNA. In addition, the T m curve for the a 2 probe (Figure 4) is consistent with the calculated Tm value ( Table 1 ). The most convincing control for the a 2 isoform specificity of the ISH signal was the anatomic congruency of the hybridization produced by the three nonoverlapping, independent probes targeted to the same a2-isoform mRNA molecule. These controls collectively are per- 
